From an analysis of the sky and velocity distributions of the high-velocity clouds (HVCs) we show that the majority of the HVCs has a common origin. We conclude that the HVCs surround the Galaxy, forming a metacloud of ∼ 300 kpc in size and with a mass of ∼
Introduction
The existence of HI high-velocity clouds (HVCs) at high Galactic latitudes has intrigued astronomers from the time of their discovery in 1963. The early observations induced the belief that all HVCs had negative radial velocities, and that these clouds could be intergalactic gas falling onto the Galaxy. The recognition of violent activity in the Galactic disk and the discovery of large complexes of high positive velocity clouds and of the Magellanic Stream opened a whole gamut of possibilities for the nature and origin of the HVCs such as "Galactic fountain" clouds, material stripped from the Magellanic Clouds and extragalactic objects. The lack of adequate distance indicators makes it difficult to discriminate among the different alternatives.
The first interpretations of the HVCs were discussed by Oort (1966 Oort ( , 1969 Oort ( , 1970 . Wakker & van Woerden (1997) have given a recent review of the HVC phenomenon. Pöppel (1997) reviewed the possible role played by the HVCs in the local interstellar medium. Although a large amount of observational data has now been accumulated, such as very sensitive HI 21 cm surveys (Morras et al. 2000; de Heij et al. 2002a de Heij et al. , 2002b Lockman et al. 2002; Putman et al. 2002; Putman et al. 2003a) , the detection of molecules (Richter et al. 2001) and Hα emission in HVCs (Tufte et al. 1998; Putman et al. 2003b ) and the distance constraints to some HVCs (Wakker 2001) , as well as a large number of theoretical studies that have been dedicated to this topic (eg. Quilis & Moore 2001; Espresate et al. 2002; Sternberg et al. 2002; Maloney & Putman 2003) , the HVCs remain enigmatic.
The theories for the origin and nature of the high velocity clouds can be divided into three categories: intergalactic (eg. Bajaja et al. 1987; Blitz et al. 1999; Braun & Burton 2000) , circumgalactic (eg. Kerr & Sullivan III 1969; Hulsbosch & Oort 1973) and Galactic (eg. Bregman 1980; Verschuur 1993) . On the basis of an analysis of the sky and velocity distributions of the HVCs we will demonstrate in this paper that the majority of these clouds constitutes a circumgalactic flux or stream of clouds related to the Magellanic Stream. The idea that the HVCs may be fragments of Magellanic material precipitating toward the galactic disk was first suggested by Giovanelli (1981) and Mirabel (1981) . The main theories on the origin of the Magellanic Stream itself consider that the stream consists of gas extracted from the Magellanic Clouds. The pro-
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⋆ Member of the Carrera del Investigador Científico of the CONICET, Argentina posed mechanisms that have been studied in detail are tidal forces of the Galaxy, friction forces of the gaseous galactic halo and a collision between the Large and Small Magellanic Clouds (Gardiner et al. 1994; Heller & Rohlfs 1994; Moore & Davis 1994; Gardiner & Noguchi 1996) .
The tidal forces affect equally both gas and stars of the Magellanic Clouds. However there are no stars in the Stream, indicating that tidal interaction could not be the primary cause of its formation. On the other hand, the weakness of the stripping drag hypothesis is that the gas density of the Galactic halo should be very low. Hence, to account for the formation of the Magellanic
Stream and the rest of the HVCs, we will here take a different point of view that includes only the collision between the Large and Small Magellanic Clouds as the mechanism that triggered the process.
A simple interpretation of the sky distribution and kinematics of the high velocity clouds
In general the observations of HVCs provide the HVC positions projected on the sky and their radial velocities. Hence, we do not know the distances and tangential velocities of the HVCs.
Even with this limitation, if the HVCs are a homogeneous population with a common origin, in principle it is possible to find the space distribution and the three-dimensional velocity distribution of the HVC population from the analysis of the observed distributions of the sky positions and radial velocities of the HVCs. This is a typical case of an inverse problem in astronomy (Craig & Brown 1986; Merritt 1996; Saha 1998) .
Nowadays a vast amount of observational material is available on HVCs in the form of surveys whose combination covers the whole sky, and that therefore provide complete and reliable statistical information. Wakker (2002) compiled a catalog of HVCs with 11000 entries, using the surveys of Hulsbosch & Wakker (1988) , Bajaja et al. (1985) for − with an improvement in spatial resolution taken from Putman et al. (2002) and Giovanelli (1980) for δ > −15
• .
The enclosing curve of the longitude-velocity distribution (Figs. 1-b and 2-b) is approximately sinusoidal and that of the latitude-velocity distribution (Figs. 1-c and 2-c) follows a cosine law. In consequence, the radial velocity distribution of the HVCs can be represented by the following formula:
where V ≃ 450 km s −1 . This distribution law admits a simple interpretation (or "inversion"), namely: it reflects a roughly uniform flow of HVCs that comes approximately from galactic co-ordinates ℓ 0 = 90 • and b 0 = 0 • and that encloses the whole Galaxy. If V ⊙ and V f are the velocities of the Sun and of the HVC flow with respect to the Galactic center respectively, the radial velocities of the HVCs with respect to the LSR are given by
Substituting the values of ℓ 0 and b 0 into Eq. (2), we obtain Eq. (1) with V = V ⊙ −V f . The velocity of the HVC flow is of the order of the Solar velocity (220 km s −1 ), and has the same direction, but its sense is reversed. In other words, the Sun is immersed in the flow of HVCs, moving counter stream. This flow of clouds seems to circulate largely in the halo or in the outskirts of the Galaxy.
In the next section, we will find a clue that makes it possible to connect the flow of HVCs with the Magellanic Clouds and the Magellanic Stream. 
Model for the origin and dynamical evolution of the high velocity clouds
In this section we will try to determinate the probable origin of the HVC flow described in Sect.
2 and the initial conditions of the phenomenon; with this we will construct a model to study the trajectories of the HVCs throughout the halo and the disk of the Galaxy. Our first objective is to show that the Magellanic Clouds have played a central role in the origin of the HVCs. For this purpose, we need to calculate the orbital plane of the Magellanic Clouds. We adopt throughout this paper a Cartesian coordinate system (X, Y, Z) with the origin at the Galactic center, the X-axis pointing in the direction of the Sun's Galactic rotation, the Y-axis pointing in the direction from the Galactic center to the Sun, and the Z-axis pointing toward the Galactic north pole. Since the Magellanic Clouds are subject to a central force due to the Galactic halo (we will ignore the forces of the galactic disk), their orbital plane can be characterized by the vector normal to this plane, Table 1 of van der Marel et al. 2002) .
To correct for the reflex motion of the Sun and to obtain the positions and velocities in the 
The resulting plane of the orbit of the LMC is represented in Fig. 3 . The angle between the orbital plane and the plane perpendicular to the Galactic disk is only of the order of 10 • . i.e the plane of the LMC orbit is almost perpendicular to the Galactic plane. The Galactic longitude of the nodal line is nearly 82
• , and thus the orbital plane is almost coincident with the X-Z plane (cf. Fig.1 of Murai & Fujimoto 1980) . Therefore, the three-dimensional velocity vectors representing the HVC flow described in Sect. 2 are nearly parallel to the plane of the orbit of the Magellanic
Clouds. This indicates a dynamical relationship between the HVCs and the Magellanic Clouds.
Our working hypothesis will be that the HVCs were ejected from the Magellanic Clouds as a result of internal processes in the Magellanic Clouds, activated likely by the collision of the LMC and SMC. Fig. 1 -a, but with data adapted from Giovanelli (1981) and Putman (2002) .
The region centered at ℓ = 120
• and b = 30
• is not covered by the observations of the two surveys used here, and is left empty. 
Basic equations of the model
The basic problem we should consider here is the motion of a test particle representing an HVC in the gravitational fields of the Galaxy and the Magellanic Clouds, and friction forces due to the gaseous disk of the Galaxy. In our computations, we use the spherical gravitational potential of the halo ψ = −V 2 c ln r for the Galaxy (Murai & Fujimoto 1980; Lin & Lynden-Bell 1982) , which gives a flat rotation curve with a constant circular velocity, V c = 220 km s −1 , so that the gravitational force of the Galaxy exerted on a particle of unit mass is −V 2 c r r 2 . For the Magellanic Clouds, we use the gravitational potential of the LMC and ignore that of the SMC. We consider the SMC as another test particle (see Sect.3.2). We assume that the LMC has a Plummer-type potential with an effective radius K = 3 kpc (Murai & Fujimoto 1980) , giving a gravitational force per unit mass of − GM LMC r ′ (r ′2 +K 2 ) 3/2 , where r ′ (= r − r LMC ) denotes the position of the test particle with respect to the LMC, and M LMC is the total mass of the LMC estimated at 0.87 × 10 10 M ⊙ (van der Marel et al. 2002) .
The friction force per unit mass that acts on an HVC can be expressed as
where v r is the relative velocity between the HVC and the gaseous medium in which the cloud moves, n is the density of the gaseous medium at the position of the HVC, S is the head crosssection of the HVC, m is the HVC mass, and ε is a dimensionless quantity ≃ 1. A measure of the ratio m S is the column density N H of the HVC being studied, an observable quantity. We adopt a mean N H of 7.2 × 10 18 atoms cm −2 for the HVCs. In our simplified model, the Galactic halo is empty of gas, thus n depends only upon the density distribution of the gaseous disk of the Galaxy. The density n may be conveniently expressed in cylindrical coordinates as n(R, z) =
, where σ(R) and h(R) are the surface density of interstellar HI and the scale height of the thickness of the HI gas layer at R (= x 2 + y 2 ), respectively. We denote by x, y and z the Cartesian components of the position vector r of the test particle or HVC. From a fit of Wouterloot et al.'s (1990) rotates circularly with constant velocity V c , the velocity vector of the gaseous medium at the position of the HVC is (
. Under these conditions, the equations of motion of a test particle arë
To solve this system of equations, we need first the solution of the equations of motion of the LMC in the gravitational field of the Galaxy, namely:
The collision between the Large and Small Magellanic Clouds
Several authors agree that the Magellanic clouds had a close encounter (separation less than 3 kpc) between 200 and 500 Myr ago (Murai & Fujimoto 1980; Gardiner et al. 1994; Heller & Rohlfs 1994; Moore & Davis 1994; Gardiner & Noguchi 1996) . The morphological peculiarities of the Clouds such as the widely scattered distribution of HII regions around the optical bar of the LMC and the severe fragmentation of the SMC could be understood in terms of this collision.
The encounter time t e of the Clouds is an important parameter in our model, and we want to calculate its value congruently with the other parameters adopted above. The orbit of the LMC can be computed straightforwardly by means of the numerical integration of Eq. (6) with the initial conditions given by Eqs. (3) and (4) 
while that of the SMC wasṙ SMC (t e ) = (−100, −167, −155) km s (Kazès et. al. 1991 ). This magnetic self-confinement of the HVCs could explain the HVC longevity as discrete entities. This idea is coherent with the fact that the HVCs are highly ionized (Sembach et al. 1999; Lehner et al. 2001; Sembach et al. 2003) . The HVCs are still generally thought of as neutral entities. However, at an early stage they were probably fully ionized. Subsequently, the evolution of their physical conditions permitted the recombination of part of the protons and electrons. On the other hand, the explanations generally given for the cloud confinement are that they are either bound by gravitationally dominant dark matter or confined by an external pressure provided by a hot gaseous Galactic halo (Espresate et al. 2002; Stanimirović et al. 2002; Sternberg et al. 2002) .
Initial conditions of the high velocity clouds
We conjecture that the HVCs were ejected from the Magellanic Clouds as the consequence of 
and the initial position vector for all HVCs is r 0 = r LMC (t e ). For the initial systematic or mean velocity of the HVCs we adopt the velocity of the mass center of the LMC at the time t e , which is given by Eq. (7). The errors in Eqs. (7) and (8) Thus the initial total velocity of an HVC can be written aṡ
where v p is the initial peculiar velocity of the HVC. 
where Σ 1 , Σ 2 and Σ 3 are the three velocity dispersions in the directions of the three co-ordinate axes andẋ p ,ẏ p andż p are the components of the peculiar velocity vector v p . The Heavyside function H, which is 1 for v p − v e > 0 and 0 otherwise, takes into account that only the clouds with velocities greater than the escape velocity v e became HVCs. In general form, the function of initial distribution of the HVCs may be written as F(r 0 ,ṙ 0 , t) = δ(r 0 − r LMC (t e ))δ(t − t e ) f (ṙ 0 −ṙ LMC (t e ))H(ṙ 0 −ṙ LMC (t e ) − v e ), where δ is the standard delta function. The total number of HVCs (or the number of test particles used in the simulation) can be expressed by 9 M ⊙ . Assuming that the HVCs have as much ionized as neutral hydrogen (Sembach et al. 2002) , and adopting a factor 1.3 to include H e , we obtain M t = 3.1×10 9 M ⊙ . Thus the Magellanic Clouds lost about 25 per cent of their original mass in the form of HVCs. This is consistent with the idea that the Clouds constituted a binary system before the last collision, whereas the important mass loss induced by this collision transformed the Clouds into an unbound system.
To study the history of the Clouds as a binary system we should calculate the relative motion of the SMC and LMC before the collision. This can be realized by means of the equation of motion resulting from the difference of Eq. (5) and Eq. (6), the boundary conditions at the moment of the collision, and a LMC mass greater than the present one (see Sect. 3.1). However, for this purpose we merely quote the pioneering study on this topic (Murai & Fujimoto 1980) . According to it the LMC and the SMC formed a stable binary system during 10 10 yr (see also Yoshizawa & Noguchi 2003) .
Another interesting result of the model is the estimate of the total energy associated with the production of the HVCs. The total initial kinetic energy of all HVCs ( 1 2 M t v 2 p ) is about 1.8 × 10 57 ergs, which implies processes that generated at least a total of 10 58 ergs. This huge amount of energy should have been supplied by supernovae and winds from massive stars in a starburst originated by the collision of the Clouds. The collective action of supernovae and stellar winds of a typical starburst can drive a "superwind" that may eject 10 7 − 10 9 M ⊙ from a galaxy with a mechanical energy of 10 57 − 10 59 ergs during its lifetime estimated at 10 7 yr (Heckman et al. 1989 ). There are various stellar generations in the Magellanic Clouds (Westerlund 1990 ). There is nothing against the idea that the formation of the younger generations, with ages lower than 600 Myr, was initiated by the powerful starburst associated with the collision of the Clouds about 570 Myr ago. 
Interaction of the high velocity clouds with the Galactic disk and generation of the Galactic warp
Most of the HVCs have not been affected by the friction force of the interstellar medium, since their orbits have not intersected with the gas layer of the Galactic disk. Here, we analyze the important group of HVCs that was strongly decelerated by the friction force of the Galactic layer and that had a strong influence on the Galactic disk.
The HVCs that penetrated the dense regions of the gaseous disk were trapped in the Galactic plane, and are participating in the Galactic rotation now (see Figs. 7-a and 7-b).
In Fig. 8, we show the positions of entry of the test particles in the gaseous layer of the Galactic disk and their present positions, resulting from the braking process. According to our model, during the last 400 Myr the Galactic disk has been profusely hit by HVCs (see Fig. 8 and Fig. 9-a) .
The detailed description of the interaction of HVCs with the Galactic disk is beyond the scope of the present study. Tenorio-Tagle (1980 analyzed the physics of the collisions of HVCs with the Galactic disk. It is clear that the impact of HVCs upon the Galactic disk should be an important source for producing shells and supershells. This mechanism of creation of large-scale structures in the interstellar medium can account for many of the observational details of the large HI shells lying beyond the solar circle (Mirabel 1982; Heiles 1984) . In connection with this, it is interesting to compare the theoretical distribution of the impacts of test particles on the Galactic disk ( Fig. 8) , with the location of observed shells and supershells of HI (McClure-Griffiths et al. 2002) . Evidence for interactions of HVCs with the gas in the Galactic plane was found by several authors (see Tripp et al. 2003 and the reviews of Tenorio- Pöppel 1997 ).
In the next paragraphs of this section we will show that the flow of HVCs onto the Galactic disk over a period of 400 Myr has caused a major disturbance in the Galaxy. As a consequence of the fall of clouds, a burst of star formation involving the whole Galactic disk should have started 400 Myr ago and is still going on (Barry 1988; Noh & Scalo 1990 ). There are observational details of the vertical structure of the Galactic disk, such as peculiar departures from the midplane or huge depressions delineated by young star-gas supercomplexes (Alfaro et al. 1991) , that may be explained in terms of HVC-disk collisions that induced star formation (Cabrera-Caño et al. To describe the gas motion of the volume element under the effects of the additional force associated with the mass accretion, we use cylindrical coordinates, (R, θ, Z), representing the galactocentric radius, azimuth and vertical distance from the plane b = 0
• of the mass center of The numbers inside the circles refer to the ages of impacted regions in units of 10 Myr, defining age as the time elapsed from the entry of the particle into the Galactic layer up to the present.
The solar circle is indicated. the chosen volume element. The gas motion in the Z-direction is governed by the force F z and the restoring force of the stellar disk F = −λ 2 Z. It can be expressed by
, (see Eq. 5.713 of Chandrasekhar 1943) . As initial conditions of the disk in Z we put Z 0 =Ż 0 = 0 at the time origin t e = −570 Myr. Ignoring the effects of the (X, Y) component of the force associated with the mass accretion, and assuming circular rotation, we have θ(t) = θ 0 (t e ) + V c
The flow of HVCs moves parallel to the X-axis. Therefore, we can think of the interaction of the HVCs with the disk as an accretion front perpendicular to the X-axis, propagating in the X direction with a constant velocity v a . Then the position of the accretion front as a function of time is X a (t) = v a t + X 0 (t e ) (see Fig. 9-a) . The volume element enters the front when X = R sin(θ(t)) = X(t) a , a condition that allows us to determine the entry time t 1 . The time at which the volume element leaves the rear zone of the accretion front, t 2 , is determined by solving X = X(t) a + ∆X a for t, where ∆X a is the thickness of the accretion front. The times t 1 and t 2 and the duration of the process of mass accretion, t a = t 2 −t 1 , depend on θ and R of the volume element (see Fig. 10-a) . At large galactocentric radii the time intervals of mass accretion t a in regions of the third and fourth Galactic quadrants are longer than those in the first and second quadrants, i.e the outer regions in the third and fourth Galactic quadrants are the most affected by the interaction with the HVCs.
For each volume element, the force F z acts between the corresponding times t 1 and t 2 , vanishing The first explanation proposed for the Galactic warp was that the Galaxy is passing through a continuous intergalactic medium (Kahn & Woltjer 1959) . In contrast, we propose an interac- the Galaxy, at a Galactocentric radius of 18-20 kpc, which may completely encircle the Galaxy (Ibata et al. 2003; Yanny et al. 2003) .
Conclusions
We have shown that the majority of the HVCs have a common origin linked to the dynamic evolution of the Magellanic Clouds. During a long time these two small satellite galaxies have likely behaved as a binary system under the effects of the tidal perturbations of the Galaxy. The two Clouds have probably approached each other several times in the past, until the Clouds collided catastrophically about 570 Myr ago. We assumed that the collision triggered a burst of stellar formation in the Clouds. The superwind driven by the starburst blew the HVCs as magnetized clouds into the massive halo of the Galaxy. As a consequence, the Milky Way is likely surrounded by a mist of highly ionized gas at high velocity, the HVCs being the denser concentrations.
The catastrophic loss of matter was of a significant amount. Probably it permitted the SMC to reach escape velocity, disrupting the binary system. According to the results of our model the amounts of matter and mechanical energy liberated in the form of HVCs were of the order of 3.1 × 10 9 M ⊙ and 1.8 × 10 57 ergs, respectively. In the numerical simulation of the process, we assumed that the HVCs were ejected from the Clouds 570 Myr ago in all directions with peculiar velocities larger than the escape velocity of 160 km s −1 , and following a Gaussian distribution 
